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T
he unique optical properties of plas-
monic nanoparticles have led to the
development of a novel class of
label-free biomolecular sensors. These bio-
sensors exploit the phenomenon of local-
ized surface plasmon resonance (LSPR)
which endows unique light scattering and
absorption properties to noble metal nano-
particles that are a function of the local en-
vironment. This behavior transduces bind-
ing events at the nanoparticle surface into
a macroscopically measurable optical
signal16 and forms the basis of LSPR bio-
sensors. Herein, we report the derivation
and experimental veriﬁcation of an analyti-
cal model that predicts the ﬁgures-of-merit
of nanoparticle LSPR biosensors operating
at the single particle limit and provides
guidance for the rational design of LSPR
biosensors.
LSPR arises from the resonant oscilla-
tion of conduction electrons on the surface
of metal nanoparticles. The energy associ-
ated with this resonance is a function of the
nanoparticle composition, size, shape, and
the surrounding dielectric environment.712
Noble metal nanoparticles with features in
the 10100 nm size scale exhibit plasmonic
resonances at optical frequencies. Conse-
quently, such nanoparticles exhibit a char-
acteristic LSPR spectrum, with one or more
peaks in the visible light range that corre-
spond to speciﬁc electron oscillation reso-
nances. The LSPR peak location and inten-
sity are sensitive to the local refractive index
(RI) surrounding the nanoparticle and are
the basis of their utility as biosensors. Bind-
ing of analyte molecules to nanoparticles
that are decorated with a receptor speciﬁc
for that analyte alters the local RI in the vi-
cinity of the plasmonic nanostructure, re-
sulting in a shift of the LSPR spectrum. This
shift can be measured either as a change in
the peak intensity of the scattered light or
as a shift in the LSPR peak wavelength (*).
This approach to biomolecular detec-
tion was initially proposed for plasmonic
particles in suspension,13 was then demon-
strated for an ensemble of gold nanoparti-
cles that were immobilized on a transparent
substrate in a chip-based format by our
group,14,15 and was subsequently validated
by other groups1618 and extended to the
limit of single nanoparticles.5,1925 By minia-
turizing the sensor down to a single nano-
particle, the detection system is reduced to
the size-scale that is commensurate with
the size of biomolecular analytes. To fur-
ther understand the mechanics of single-
nanoparticle detection, investigators have
also been studying the speciﬁc details of
plasmonic nanostructures that are respon-
sible for their use in sensors such as the dis-
tance dependence of sensitivity2628 and
the resonant electric ﬁeld enhancement
distribution.29,30 However, to date, these
*Address correspondence to
chilkoti@duke.edu.
Received for review October 2, 2008
and accepted March 09, 2009.
Published online March 18, 2009.
10.1021/nn8006465 CCC: $40.75
© 2009 American Chemical Society
ABSTRACT Wepresentthedevelopmentofananalyticalmodelthatcanbeusedfortherationaldesignofa
biosensorbasedonshiftsinthelocalsurfaceplasmonresonance(LSPR)ofindividualgoldnanoparticles.Themodel
relatesthepeakwavelengthoflightscatteredbyanindividualplasmonicnanoparticletothenumberofbound
analytemoleculesandprovidesananalyticalformulationthatpredictsrelevantﬁgures-of-meritofthesensorsuch
asthemoleculardetectionlimit(MDL)anddynamicrangeasafunctionofnanoparticlegeometryanddetection
systemparameters.ThemodelcalculatesLSPRshiftsforindividualmoleculesboundbyananorod,sothattheMDL
isdeﬁnedasthesmallestnumberofboundmoleculesthatismeasurablebythesystem,andthedynamicrange
is deﬁned as the maximum number of molecules that can be detected by a single nanorod. This model is useful
because it will allow a priori design of an LSPR sensor with ﬁgures-of-merit that can be optimized for the target
analyte. This model was used to design an LSPR sensor based on biotin-functionalized gold nanorods that offers
thelowestMDLforthisclassofsensors.ThemodelpredictsaMDLof18streptavidinmoleculesforthissensor,
whichisingoodagreementwithexperimentsandestimates.Further,wediscusshowthemodelcanbeutilized
toguidethedevelopmentoffuturegenerationsofLSPRbiosensors.
KEYWORDS: nanoparticle · plasmonics · label-free · biosensor · surface plasmon
resonance · limit-of-detection · gold nanorods
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www.acsnano.org VOL. 3 ▪ NO. 4 ▪ 795–806 ▪ 2009 795developments have not been integrated into a coher-
ent quantitative framework that allows the effect of
these parameters on relevant ﬁgures-of-merit of bio-
sensors, such as their limit of detection and dynamic
range, to be predicted.
Motivated by the goal of rationally designing LSPR
sensors, in this paper, we integrate recent progress in
understanding the structural details of metal nanoparti-
cles that control their plasmonic behavior with various
measurement system parameters that impact measure-
ment uncertainty into a quantitative model that is ca-
pable of predicting the response of a single, receptor-
functionalized nanoparticle to discrete analyte binding
events. The result is an analytical model that quantiﬁes
the LSPR shift of a gold nanorod caused by the local re-
fractive index increase from the presence of a target
biomolecule. The principle of this work is similar to that
of Stemberg et al. who describe an analytical model to
quantify the surface concentration of bound protein on
plasmon resonant planar gold31 and to that of Vollmer
et al. who estimate the surface density of bound pro-
teins based on wavelength shifts of a resonant micro-
cavity.32
The utility of this model is two-fold. First, it pro-
vides an analytical model that allows a priori design of
an LSPR sensor with ﬁgures-of-merit, such as the molec-
ular detection limit (MDL) and dynamic range, that can
be analytically calculated completely as a function of
sensor components for a given receptoranalyte pair.
Because the model calculates LSPR shifts for individual
bound molecules, the MDL is deﬁned as the smallest
number of bound molecules that is measurable by the
system, and the dynamic range is the maximum num-
ber of detectable molecules. To illustrate its experimen-
tal utility, the model was used to identify the optimal
gold nanorod geometry (length and diameter) that was
predicted by the model to yield the lowest MDL for
the detection of streptavidin by gold nanorod LSPR sen-
sors. An LSPR sensor was fabricated from biotin-
functionalized gold nanorods, and the experimental re-
sults were compared with the prediction of the model
to investigate its accuracy. Second, this model is useful
because it allows the contribution of different system
parameters to overall sensitivity to be individually
parsed. With the ultimate goal of label-free, single mol-
ecule detection by LSPR sensors, we conclude with a
discussion of optimization of the system within realis-
tic physical and current technological constraints that
might allow the fabrication of an LSPR sensor and dark-
ﬁeld microspectrometer that are capable of detecting
the binding of individual analyte molecules.
RESULTS AND DISCUSSION
As a ﬁrst approximation, the MDL of nanoparticle
sensors is determined by their composition, size, and
shape of the NPs. Recognizing that the development of
a generalized model that could account for the depen-
dence of the MDL of an LSPR sensor on all of these pa-
rameters was likely to prove computationally intensive
and possibly intractable, we focused instead on devel-
oping a model that was applicable to gold nanorods as
plasmonic transducers of binding events for the follow-
ing reasons. First, although silver particles are more sen-
sitive than gold particles of the same shape and size,33
the greater reactivity of silver as compared to gold
makes it less suitable for use in biologically relevant me-
dia as silver can be easily oxidized, altering the plas-
monic behavior of the particle. Second, gold nanorods
can be conveniently synthesized with a range of dimen-
sions via established chemical synthesis methods,
which allows the model to be experimentally
testedOand the sensor optimizedOat the structural
level.3436 Third, gold nanorods can be conveniently
synthesized to exhibit plasmon resonances with peak
wavelengths ranging from 700 to 900 nm and beyond
simply by tuning their aspect ratio and size.34,3740 This
spectral region is particularly useful for biosensing be-
cause the background absorption and scattering of en-
dogeneous chromophores from biological mixtures
(e.g., serum and blood) and of water are minimal in this
wavelength range.41,42 We note that LSPR of several
other geometries of gold nanoparticles such as
nanoshells, nanodiscs,43 and nanorings44 c a na l s ob e
tuned via synthesis methods to exhibit plasmon bands
in the wavelength range of gold nanorods. Nanorods,
however, have a higher bulk RI sensitivity45 and also a
narrower line width than these geometries,43,44,46 which
allows more accurate determination of peak shifts as
described later in the model details. Additionally, the
line widths of gold nanorod scattering spectra have
been shown to be a function of the length and aspect
ratio of the gold nanorods47 as well as end-cap shape,48
parameters that can be controlled in their chemical
synthesis.
Model Development. We sought to develop an analyti-
cal model that estimates the MDL of an LSPR sensor
for a speciﬁc analytereceptor pair based on the geo-
metric dimensions of the gold nanorod using a speci-
ﬁed spectral detection system. Thus, the model is an
equation that predicts the minimum number of detect-
able analyte molecules based on input parameters
that consist of the nanorod dimensions and optical sys-
tem parameters. Building the model involved several
steps; ﬁrst, the spectral detection system and data
analysis algorithms were analyzed to determine the
measurement uncertainty in detecting LSPR peak wave-
lengths. Then, the average number of analyte mol-
ecules that must bind to induce an LSPR shift equal to
the measurement uncertainty for a given nanorod ge-
ometry was determined. This is the smallest number of
bound molecules that can be reliably be detected by
the proposed system and is deﬁned as its MDL. It is im-
portant to note that we deﬁne the MDL by the amount
of material bound to the surface of the nanoparticle,
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rounding medium. This choice was made so that the fo-
cus of the model is the interaction of the bound ana-
lyte with the plasmonic nanoparticles and the
subsequent LSPR signal generated, and not the mass
transport kinetics of the sensor system. Therefore, the
optimal nanoparticle can be determined for a proposed
analyte strictly by using the model to predict which ge-
ometry will offer the lowest MDL.
The ﬁrst step in the derivation of the model was es-
timation of the minimum LSPR shift that can be reli-
ably measured for a particular detection system. We as-
sumed that the total uncertainty is the sum of
uncertainties induced by two factors as represented in
eq 1: uncertainty introduced by the detection system,
Usystem,anduncertaintyintroducedbythepeakﬁttingto
the gathered nanoparticle scattering spectrum, Uﬁt.
A thorough discussion of the Usystem of the
microspectroscopy system utilized in this work has
been reported elsewhere.49 That study, which incorpo-
rated considerations of image focus, physical sample
stability, and overall repeatability of the measurements,
concluded that Usystem was 0.3 nm for the optical de-
tection system described in that work. The same experi-
mental setup was used in this study; hence we assume
that Usystem is 0.3 nm.
Next, uncertainty due to the data analysis method
must be considered. The measurement noise was mod-
eled as a Gaussian distribution. Although the physical
model of noise in an optical measurement is a Poisson
distribution due to shot noise, it can be accurately and
conveniently modeled by a Gaussian distribution for a
large number of photons because it is merely a count-
ing problem. This yields the following relationship for
Uﬁt
where FWHM is the line width of the spectrum being
ﬁt and SNR is the signal-to-noise ratio of the data be-
ing ﬁt.49 The SNR depends on photoelectron signal
magnitude, M, the integration time, t, and the spec-
trometer camera’s dark current speciﬁcation, Nd, and
read noise, Nr, according to the following:
For a shot noise-limited measurement (SNR  M),
the shot noise dominates over the dark and read noise.
The system used for this study has a dark current of
less than 0.0025 electrons·pixel1·s 1 and read noise
of less than 4 electrons RMS such that a shot noise-
limited measurement (deﬁned here as a measurement
for which shot noise exceeds dark and read noise
sources by an order of magnitude) will have an SNR 
13 for a typical integration time of 20 s. The role of the
nanoparticle geometry in affecting measurement un-
certainty becomes apparent as the signal level; that is,
the amount of light scattered is proportional to the
nanoparticle’s scattering cross section, Csca. Thus in the
shot noise-limited regime, the following relationship
holds for SNR:
where A is a constant that accounts for the input pho-
ton ﬂux, the integration time, and the quantum efﬁ-
ciency of the measurement system. The parameter A
can be calculated for a microspectroscopy system by
making a shot noise-limited measurement of the SNR
of a nanoparticle with known Csca.50 We measured the
scattering spectrum of an 80 nm diameter gold sphere
under typical operating parameters and observed a SNR
of 100. Using the Csca predicted by Mie theory of the
sphere, a value of 0.385 is determined for A for the
microspectroscopy system described in this work. With
the value for A known, the SNR for an arbitrary nanopar-
ticle of known Csca may be calculated by rewriting eq 7
as follows:
Now, with eqs 2 and 5, it is possible to calculate to-
tal peak measurement uncertainty for an arbitrary par-
ticle based on the FWHM and Csca of the particle, even if
the measurement is not shot noise-limited. Csca can be
determined analytically as a function of nanorod geom-
etry by applying the model developed by Kuwata et
al.51 Further details of the speciﬁc application of this
model are reported below. Therefore, U can now be cal-
culated entirely as a function of nanorod length and di-
ameter. It is worth noting that the constant Ais depend-
ent upon the measurement system, but not upon the
measured nanoparticle. Thus, it must only be empiri-
cally determined once for a speciﬁc experimental setup.
The next step in the development of the model
was to analytically translate this uncertainty limit from
units of wavelength shift to number of bound mol-
ecules as a function of nanorod geometry. In order to
formulate this relationship in a manner that is analyti-
cally simple, several approximations and assumptions
were made. First, we assumed that the nanorods are cy-
lindrical in shape with a length (l) and diameter (d). We
recognize that the assumption that the nanorods are
perfect cylinders is an approximation because transmis-
sion electron microscopy (TEM) images of chemically
synthesized nanorods indicate that the nanorods are
only approximately cylindrical, as they have “end-caps”
with visible curvature on their ends. This approximation
will introduce some error as it has been shown that
U ) √ U
2
system + U
2
fit (1)
Ufit ) 1
2
FWHM
2.35·SNR
(2)
SNR ) M
√ M + Ndt + Nr
2
(3)
SNRSNL ) √ M ) √ A·Csca (4)
SNR )
A·Csca
√ A·Csca + Ndt + Nr
2
(5)
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www.acsnano.org VOL. 3 ▪ NO. 4 ▪ 795–806 ▪ 2009 797end-cap geometry has an impact on the optical scatter-
ing spectra of nanorods.48,52 We also assumed that the
LSPR peak shift, LSPR, resulting from a bound analyte
is proportional to the total LSPR shift that is expected if
the entire surrounding medium increased to the RI of
the analyte. The proportionality constant is the ratio of
the analyte volume to the total sensing volume of the
nanorod. This assumption yields the following
relationship:
where VS is the total sensing volume of the nanorod,
VD is the volume of the detected analyte, S(r) is the spa-
tially dependent RI sensitivity of the nanoparticle, and
r is the distance of the bound molecule from the surface
of the nanorod. Because the RI sensitivity decreases
away from the nanoparticle surface, the sensing vol-
ume is deﬁned as the ﬁxed volume surrounding the
nanorod that contains 95% of its sensitivity. Recogniz-
ing that the optical mass of the bound molecules is re-
sponsible for inducing the observed LSPR shifts, the op-
tical mass increase induced by bound analyte is deﬁned
as the product VD·RI, where VD is the volume of ana-
lyte bound to the nanorod and RI is the difference be-
tween the RI of the analyte and that of the surround-
ing medium. In the case where the approximate size of
the analyte is known, the detection volume VD can be
replaced with the product N·VA where VA is the volume
of the analyte molecule and N is the number of bound
molecules to the nanorod. Substituting this parameter
in eq 6 and rearranging for LSPR yields an expression
relating the measured peak shift of the LSPR spectrum
to the optical detection mass:
Solving eq 7 for N yields an expression that can be
used to translate an observed LSPR peak shift into the
number of bound molecules.
In order to determine the MDL of the system, we re-
place LSPR in eq 8 with U, the uncertainty of the opti-
cal system in detecting wavelength shifts. Thus, the
right-hand side of eq 8 becomes an expression of the
bound optical mass that would induce the minimum
detectable LSPR wavelength shift. In this case, solving
for N yields an expression for LM, the MDL of the system
in terms of the minimum detectable number of bound
biomolecules.
where LM is a function of the length l and diameter d
of the nanorod. From eq 9, we observe that the func-
tion LM is determined by several parameters on the
right-hand side. Careful examination of these param-
eters is required to fully understand the dependence of
each on the nanorod geometry and the effect each
has on the overall MDL of the system. We note that LM
is dependent upon the detection system employed for
measuring the LSPR shifts of single nanoparticles be-
cause of the dependence on the peak measurement
uncertainty U. LM is also a function of the spatially de-
pendent RI sensitivity S(r) of the nanoparticle, where r
is the location of the bound molecule with respect to
the surface of the nanorod.
In order to determine the function LM analytically,
we next sought to deﬁne the parameters U and S(r)
based solely on the length and diameter of the nano-
rod, as follows: ﬁrst, we utilized a model developed by
Kuwata and co-workers to approximate the
wavelength-dependent scattering cross section (Csca)
of gold nanorods as a function of nanorod geometry.
This model provides the complete LSPR scattering spec-
trum of the nanorod with a simple analytical formula
based on nanorod length and diameter. The model is
based on ﬁts to ﬁnite-difference time-domain with the
depolarization factor calculated by electrostatic ap-
proximation.51 We employed this formula to determine
the location of the LSPR peak (*) and scattering cross
section Csca at the peak wavelength for nanorods of ar-
bitrary length and diameter. A second analytical model,
based on Gans’s extension of Mie theory that simu-
lates LSPR spectra as a function of the nanorod aspect
ratio,5355 was also used to simulate spectra as a means
of validation. These two models provided consistent re-
sults within the geometric range of nanorods studied
(length 50100 nm and diameter 1550 nm). These
predictionswerethenfurtherveriﬁedexperimentallyby
comparison to scattering spectra of individual, chemi-
cally synthesized nanorods as shown in Figure 1. The
good agreement between experimentally collected
LSPR spectra and simulated spectra further indicates
the utility of the analytical model.
It has been shown that LSPR shifts induced by local
RI have a strong distance dependence as a result of
the exponential decrease in ﬁeld enhancement further
from the nanoparticle surface.26 This distance depen-
dence of sensitivity has been experimentally measured
for nanospheres56 as well as anisotropic triangular
nanoparticles.57 Additionally, it has been shown that
the LSPR associated electric ﬁeld is enhanced near the
ends of nanorods.29,30 These observations suggest that
the location at which a target analyte binds to the nan-
orod (i.e., along the sides or at the ends) will affect the
magnitude of the induced LSPR shift. The detector
analyte system described in this work provides reason-
able certainty in estimating the average binding dis-
tance, which is determined by the length of the
receptor conjugated to the nanorod (biotin in the ex-
∆λLSPR
∆RI·S(r)
)
VD
VS
(6)
∆λLSPR ) S(r)
VS
∆RI·N·VA (7)
N )
∆λLSPR
∆RI·S(r)
·
VS
VA
(8)
LM(l,d) ) N)
VS
VA
· U
S(r)·∆RI
(9)
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Hence, we model sensitivity as being a function solely
of the distance r from the surface of the nanorod S(r).
The effect of this assumption is that the model effec-
tively outputs the LSPR response of the average bound
analyte at a ﬁxed distance r from the surface of the
nanorod. This is a simpliﬁcation of the physical phe-
nomenon because of the known complexity of the elec-
tric ﬁeld enhancement distribution. Nevertheless, this
model is the closest representation to the actual detec-
tion experiments because the actual binding locations
cannot be controlled nor can the fraction of analytes
that bind along the nanorod ends versus sides be accu-
rately estimated.
With these assumptions clariﬁed, we sought to gen-
erate an analytical function that describes S(r) purely
as a function of nanorod geometry. This was accom-
plished by ﬁrst experimentally measuring S(r) for sev-
eral nanorod geometries spanning the dimensions of
interest. This was done by using a procedure previously
reported to probe the sensing volume of gold nano-
spheres by adsorbing sequential layers of oppositely
charged polyelectrolytes to the nanoparticle surface.14
These experiments provided data on the dependence
of S(r) on nanorod geometry. These data were then
curve-ﬁt to describe S(r) for nanorods of arbitrary length
and diameter. From this ﬁt, the sensing volume of the
nanorod VS and the decay length of electric ﬁeld en-
hancement ld were also determined as a function of
nanorod geometry. VS is deﬁned as the ﬁxed distance
from the nanorod surface containing 95% of S(r), and
the decay length is the distance from the nanorod sur-
face at which the electric ﬁeld enhancement is reduced
by a factor of e. Figure 2 shows the excellent agree-
ment obtained between the model and experimental
data. Details of this ﬁtting procedure are further de-
scribed in the Supporting Information. With the results
of this ﬁt, it is possible to write every parameter on the
right-hand side of eq 8 as an analytical function of the
length and diameter of the nanorod such that the MDL,
LM, of an arbitrary nanorod can be analytically esti-
mated from the length and diameter of the nanorod.
where VS is the sensing volume, VA is the analyte vol-
ume, RI is the RI difference between the analyte and
the surrounding medium, Usystem is the peak measure-
ment uncertainty resulting from uncertainty in the
physical detection of the LSPR peak, Uﬁt is peak determi-
nation uncertainty due to data ﬁtting, S0 is the bulk RI
sensitivity, r is the distance from the nanorod surface
that the analyte binds, and ld is the decay length of the
resonant electric ﬁeld.
Equation 10 is especially useful because it allows an
analysis of the overall performance of a single nanopar-
ticle based on a variety of parameters, only one of
which is the nanoparticle bulk RI sensitivity S0.W ee m -
phasize this point because much work in the ﬁeld has
been devoted to synthesizing nanoparticles with differ-
ent geometries and compositions in order to optimize
the RI sensitivity of the nanoparticle.45,58,59 Clearly, the
nanoparticle bulk sensitivity is an important contribu-
tor to the overall MDL; however, it is not necessarily the
most important. In fact, Miller et al. have shown that
the bulk RI sensitivities of nanoparticles can be pre-
dicted from the wavelength of the LSPR peak, indepen-
dent of nanoparticle shape.60,61 The parameter U is also
clearly important in determining MDL but has largely
been ignored on discussions of MDL.49 Obviously the
sensitivity of the detection system depends not only on
the signal generated by the nanoparticles but also
Figure 1. Comparison of simulated versus experimental
spectra. Scattering spectra collected from single nanorods
from synthesized batches characterized by TEM to be (63.3
 8.2)  (24.9  4.9) nm (n  319, yellow dotted line) and
(74  9)  (33  6) nm (n  100, green dotted line). Simu-
lated spectra for nanorods with dimensions of 64.5  24.7
nm (blue line) and 75  32 nm (red line) via the Kuwata
method are also shown.
Figure 2. Right axis: experimental wavelength shift of a
nanorod(63.38.2nm24.94.9nm)asafunctionofde-
posited polyelectrolyte thickness (red dots) and shifts pre-
dicted by eq 7 (green line). Left axis: corresponding calcu-
lated distance dependence of the nanorod LSPR sensitivity
(blueline).
LM )
VS
VA·∆RI
·√ U
2
system + U
2
fit
exp(
-2r
ld )·(3S0)
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marily dependent on optical detection system param-
eters and data analysis techniques. However, U also de-
pends on nanoparticle geometry because spectra for
nanoparticles with higher Csca can be measured more
accurately due to their increased scattering signal as
seen in eq 10. Other parameters, such as the effective
sensing volume of the nanoparticles (i.e., the electric
ﬁeld enhancement localization) can vary a great deal
across geometries and have a large impact on the sens-
ing characteristics of a nanoparticle. Nanoparticles with
more conﬁned electric ﬁeld enhancements maintain
smaller sensing volumes, resulting in larger shifts upon
analyte binding within the sensing volume. However,
nanoparticles with smaller detection volumes have a
smaller dynamic range because they saturate upon the
binding of fewer analytes. The proposed model offers
a means to collectively analyze the effects of these pa-
rameters on overall sensor performance to deduce the
optimal nanoparticle geometry for an LSPR sensor that
is designed for a speciﬁc application.
Figure 3A shows the theoretical MDL for streptavi-
din binding to biotin decorated gold nanorods as pre-
dicted by eq 10 for single nanorods of arbitrary dimen-
sions when measured in the described micro-
spectroscopy system for which U has been previously
characterized. We chose this analytereceptor pair be-
cause their interaction is one of the best characterized
and most commonly used model receptoranalyte sys-
tems. The simulation was restricted to nanoparticles
that have LSPR peak wavelengths in the range of
300900 nm because that is the range observable in
the microspectroscopy system. We also applied a mini-
mum SNR threshold of 30 to exclude particles with
small Csca that cannot produce enough scattered light
to be visualized in the dark-ﬁeld microscopy setup. For
this reason, no data are shown for nanorods with LSPR
peaks outside of this range or with SNR below the cut-
offof30.Weassumedthestreptavidinmoleculeshavea
volume62 of 114 nm3 and RI of 1.57.63 From Figure 3A,
we can see that nanorods with lengths between 55 and
65 nm and diameters between 25 and 33 nm of-
fer the lowest MDL of 18 streptavidin molecules.
It is important to note that the nanorod MDLs pre-
dicted by eq 10 are a monotonic function of sev-
eral detection system and analyte parameters. Al-
though the absolute value of the MDL will vary
across detection systems and receptoranalyte
pairs, the relative performance of a nanorod with
a speciﬁed geometry will not vary, so that once the
optimal rod geometry has been identiﬁed for a tar-
get analyte it will always offer the lowest MDL
across detection systems and receptorligand
conﬁgurations.
In addition to the absolute MDL, the dynamic
range (DR) is an important ﬁgure-of-merit (FOM)
of a biomolecular sensor. For the purposes of this
model, the DR is deﬁned as the theoretical maximum
number of analyte molecules that are detectable by a
single nanorod. This deﬁnition was chosen because it is
consistent with the model output, which is quantiﬁed
as the number of bound molecules. The DR was deter-
mined by calculating the total surface area available for
binding and dividing it by the footprint of a bound an-
alyte molecule. This value was then scaled by a factor of
0.9, which assumes a hexagonal packing density of
hard spheres yielding the highest possible coverage
that could be achieved in practice. By this deﬁnition, a
larger nanorod will obviously exhibit a higher DR be-
cause of its larger surface area. However, larger nano-
rods also tend to have higher MDLs because of the in-
creased sensing volume. To balance these
considerations, we calculate a composite FOM for nan-
orods that includes both the DR and MDL of these nan-
orod plasmonic sensors operating in the single nano-
rod mode. The composite FOM is calculated simply as
the ratio of the DR versus its MDL. Figure 3B shows the
composite FOM for nanorods of arbitrary dimensions.
Figure 3B shows that rods with a length of 85 nm and
a diameter of 40 nm offer the highest composite FOM
with the potential to bind 35 times as many mol-
ecules as is required to generate its lowest detectable
signal. So although nanorods of those dimensions may
exhibit a MDL of 22, their higher dynamic range indi-
cates they may be more useful as a streptavidin sensor
over a wider range of analyte concentrations.
ExperimentalApplicationofModel.Toexperimentally
test the results provided by the model, gold nanorods
were synthesized with dimensions that were as close to
the geometry predicted by eq 9 (and visually repre-
sented by Figure 3A) to have the lowest streptavidin
MDL. To experimentally test the predictions of the
model, streptavidin binding experiments were per-
formed using biotin-functionalized gold nanorods that
were shown by TEM to have a length of 63.3  8.2 nm
and a diameter of 24.9  4 . 9n m( n  319) (Figure 4).
Equation 10 calculates that these rods have a mean
MDL of 20 molecules and mean FOM of 22.
Figure 3. (A) Calculated molecular limits of detection for gold nanorods of arbi-
trary dimension based on eq 10. (B) Composite ﬁgures of merit (FOM) for nano-
rods of arbitrary dimensions. The composite FOM is calculated as the maximum
number of bound molecules divided by the minimum number of detectable mol-
ecules. The surrounding gray regions in both are indicative of nanorod geom-
etries that were not considered in this model because they either had resonances
outside the visible spectrum or had scattering cross sections that are insufﬁcient
to collect spectra with SNR greater than 30.
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ing identical samples of biotin-functionalized gold
nanorods that were chemisorbed on glass slides in
streptavidin solutions that spanned a range of protein
concentration. Figure 4 (right panel) shows the steady-
state LSPR shift of single nanorods as a function of
streptavidin concentration. A sigmoidal ﬁt was applied
to these data, and the concentration at which the ﬁt
crosses the LSPR peak measurement uncertainty of 0.3
nm was deﬁned as the experimental detection limit. For
the experiments shown in Figure 4, the detection limit
is 160 pM.
To investigate the relationship between the experi-
mental detection limit measured by analyte concentra-
tion and the MDL predicted by eq 10, we speciﬁcally
looked at the detection of 100 pM streptavidin. Figure
5 shows ﬁts to scattering spectra collected from a single
nanorod incubated in 100 pM streptavidin. The blue
line is the nanorod LSPR scattered spectrum in water,
the red line is the spectrum after the binding of biotin,
and the black line is the spectrum after incubation in
100 pM streptavidin. The 3 nm shift between the blue
and green lines observed upon biotin functionalization
is consistent with the adsorption of a thin dielectric
layer. The length of the biotinamine is estimated to
be 2.39 nm (Chem3d, Cambridgesoft) and the SAM to
which the biotin is conjugated has a thickness of 2.78
nm and RI of 1.464.64 Using eq 6 to simulate the LSPR re-
sponse of the addition of dielectric layers yields an ex-
pected LSPR peak shift of 3.59 nm. This value is in good
agreement with the experimental mean LSPR shift of
3.23  1.2 nm observed upon the incubation of biotin
for all nanorods used in the streptavidin detection
experiments.
A 0.52 nm shift was observed upon incubation of
the biotin-functionalized gold nanorods in 100 pM
streptavidin, which translates to 27 streptavidin mol-
ecules bound by a single nanorod, by use of eq 8. Lower
streptavidin concentrations were tested in order to es-
tablish the detection limit in terms of concentration but
did not yield results that were statistically signiﬁcant
from negative control experiments,19 so the lowest
streptavidin concentration that was experimentally de-
tected is 100 pM. This experimentally detected mini-
mum of approximately 27 molecules is reasonably close
to the theoretical MDL of 20 streptavidin molecules
per nanorod predicted by the model for the nanorods
used. Thus, by utilizing the proposed model (eq 10),
speciﬁcally, to select the optimal nanorod geometry for
streptavidin detection, we are able to observe binding
in the picomolar range. To our knowledge, this is the
lowest reported concentration of biomolecule detected
with a single particle LSPR sensor.
As a further check of the relevance of the MDLs pre-
dicted by our model, we observed that the mean LSPR
shift at saturation is 5.4 nm (Figure 4). Using eq 8, we
calculate that this shift arises from the binding of ap-
proximately 280 streptavidin molecules to the nano-
rod surface. For the nanorods used in these experi-
ments, approximately 8000 nm2 of biotin-activated
surface is available for the binding of streptavidin mol-
ecules. Each streptavidin molecule is a tetramer of four
identical biotin binding subunits, and the entire tet-
ramer is roughly ellipsoidal with axes of 5.4 nm 	 5.8
nm 	 4.8 nm.65,66 Thus, the footprint that a streptavi-
din molecule would occupy on the binding surface is
approximately 25 nm2. In this orientation, a maximum
of only 320 molecules would be expected to ﬁt on the
nanorod surface. Approximating the streptavidin mol-
ecules as hard spheres, the model of random sequen-
tial adsorption67 predicts a packing ratio of 0.54, which
would translate to only 170 bound molecules, whereas
the highly ordered method of hexagonal packing pre-
dicts a packing ratio of 0.9, allowing for up to 290
streptavidin molecules. Therefore, the 280 molecules
bound at saturation as determined by eq 8 is reason-
able and suggests a more ordered arrangement of
bound streptavidin molecules.
Figure 4. Left: TEM of rods used in this study. Nanorod length is measured
to be 63.3  8.2 nm and diameter 24.9  4.9 nm (n  319). Scale bar cor-
responds to 50 nm. Right: LSPR peak shift of individual, biotin-activated
gold nanorods versus concentration of streptavidin. Open circles are the
mean LSPR shift of approximately 15 nanorods per measurement at each
concentration, and the error bars indicate 95% conﬁdence interval. The
solid line is a sigmoidal ﬁt to the data. The dotted line indicates where the
ﬁt line crosses 0.3 nm shift, the measurement detection uncertainty as cal-
culated above. This occurs at a concentration of 160 pM.
Figure 5. Fits to scattering spectra of a single nanorod in
water (blue), after biotin conjugation (green), and subse-
quently in 100 pM streptavidin (red). The 0.52 nm shift cor-
responds to approximately 27 streptavidin molecules by eq
8.
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presumed bound at saturation by eq 8 with that of
streptavidin adlayers that were experimentally mea-
sured. Densities of 240 and 231 ng/cm2 have been ex-
perimentally determined for streptavidin layers formed
over biotin layers on ﬂat substrates.68,69 These binding
densities yield an estimated 220 bound streptavidin
molecules to the available nanorod binding area of
8000 nm2. Again, these estimates are slightly lower than
the 280 molecules estimated from eq 8 to be respon-
sible for the 5.29 nm shift observed at saturation but are
close enough to justify the validity of our calculations.
ProspectsforSingleMoleculeDetection.Wesystematicallyex-
plored the parameters in eq 10 within physically realis-
tic limits to determine which parameters can be modi-
ﬁed in order to develop an LSPR sensor with a single
molecule MDL.
The product VA·RI is a parameter of the analyte
and of the surrounding medium. For proteins with a RI
commonly near 1.57, detection in water (RI  1.33)
yields a typical RI of 0.24. By drying the samples and
taking measurements in air (RI  1.00), RI can be in-
creased to 0.57. Thus, a factor of 2.4 improvement in
MDL is possible through this method. We note that this
approach would preclude real-time detection and re-
quire further processing steps of the sample, which de-
tracts from the strength of label-free detection. How-
ever, this drying methodology has been successfully
utilized by Van Duyne and co-workers.16
The total sensing volume VS of the nanoparticle is
determined by the nanoparticle shape and decay
length ld. Smaller VS and ld are indicative of nanostruc-
tures with small, intense electric ﬁeld enhancements. In
general, the sensing volume will vary proportionally
with the cube of the decay length simply because it is
a three-dimensional volume subtended by the decay
length. In the case of rods, smaller rods have shorter de-
cay lengths. So ideally, one would want to use the
smallest nanorods possible. However, smaller rods also
exhibit smaller scattering cross sections Csca, which
means they scatter less light under dark-ﬁeld illumina-
tion. For rods in particular, Csca varies approximately as
the square of the rod length and proportionately to rod
diameter.51 So if the length and diameter of a nanorod
were both reduced by a factor of 2, Csca would be re-
duced by about a factor of 8. On the other hand, to
maintain an adequate SNR of the collected spectra, the
intensity of the illumination source must be increased.
An upper limit to this intensity exists because at some
point the nanorods will melt due to photothermal
effects.70,71 The use of a broadband illumination source,
such as a supercontinuum ﬁber laser, would allow the
complete scattering spectrum to be collected and
would provide a light output that is 610-fold more in-
tense than the tungsten ﬁlament used in the experi-
mental setup used here. Hence, eq 10 predicts that a
physically realistic increase in illumination intensity by
a factor of 10 could enable the visualization of smaller
nanorods, effectively reducing the size of observable
nanorods by about 1.5, thereby reducing the sensing
volume and decay length, which would ultimately re-
duce the MDL by a factor of 7.
The decay length of the electric ﬁeld enhancement
ld is determined by the geometry of the nanoparticles.
Equation 10 assumes a uniform decay length for nano-
rods. The actual electric ﬁeld enhancement has a more
complicated geometry and, in particular, has been
shown to exhibit larger enhancements near the ends
of the rod.30,55,72 Thus, analyte molecules that bind near
the end of the nanorod will cause a greater LSPR shift
than those binding on the lateral portion. For this rea-
son, eq 10 is applicable to a MDL that stems from the
LSPR response of individual biomolecules that are spa-
tially averaged around the nanorod surface. It is reason-
able to make this approximation for the experiments
described here because the streptavidin molecules are
adsorbed a ﬁxed distance r from the nanorod surface,
but no further spatial localization is possible. It has been
shown through ﬁnite element modeling that the ends
of nanorods exhibit much higher ﬁeld enhancement
than the spatial average.73 Thus, if analyte binding can
be limited to only within these regions, it is reasonable
to assume a concurrent sensitivity increase greater than
a factor of 10 due to the reduction of sensing volume.
Some recent reports offer compelling end-to-end as-
sembly of nanorods,74 which could soon provide a route
to site-speciﬁc functionalization of nanorods.
The binding distance r is the physical distance that
the analyte binds from the surface of the nanoparticle.
It is determined by the length of the receptor, which is
approximated to be 2.4 nm for the experiments pre-
sented herein. EDC-NHS coupling is used to conjugate
amine-terminated biotin to the carboxyl-terminated
monolayer applied to the gold surface. We employ this
binding moiety because it offers easy translation to
other amine-terminated receptors, such as antibodies
or aptamers.36 It would be possible to employ a physi-
cally shorter receptor that would cause the target ana-
lyte to bind closer to the surface of the nanoparticle
where the ﬁeld enhancement, and thus RI sensitivity, is
greater. For example, using thiol-terminated biotin has
been successfully employed as a receptor for streptavi-
din detection with single nanoparticles.75 This would re-
duce r by as much as a factor of 2, which in return re-
duces the overall MDL by a factor of exp(ld
1). For the
case of nanorods with decay length ld generally on the
order of 1020 nm, this results in a factor of 1.1 im-
provement (i.e., 10% decrease in MDL). In most practi-
cal situations, however, the size of the receptor
analyte pair is likely to be signiﬁcantly larger than the
model biotinstreptavidin pair used here (e.g.,
antibodyprotein), so that some of the gains realized
from the optimization of the parameters discussed here
are likely to be offset by the size of the receptor
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minimizing the size of the receptor while retaining high
binding afﬁnity and speciﬁcity for its analyte is an im-
portant factor in extracting the minimum MDL of which
LSPR sensors are capable. In this regard, the use of
smaller receptors such as aptamers or smaller, engi-
neered antibody fragments such as single chain anti-
bodies are preferable to intact antibodies, which to date
are the most commonly used class of receptors in
biosensors.
The bulk RI sensitivity of a nanostructure S0 is de-
pendent on its size, shape, and material composition.
However, Miller and Lazarides have observed that S0 is
correlated with the LSPR peak wavelength, regardless
of nanoparticle shape.60,61 Thus, for a nanostructure of
known material composition, its bulk RI sensitivity can
be predicted simply by characterizing its LSPR peak. Be-
cause longer wavelength resonances exhibit higher
bulk RI sensitivities, the highest sensitivities will be from
particles with LSPR peaks in the red end of the spec-
trum. Assuming the detection is to remain in the vis-
ible light spectrum, LSPR peaks at wavelengths up to
800 nm could be measured. Thus, bulk RI sensitivities
as high as 600 nm/RIU could be expected. This is more
than a two-fold improvement over the 260 nm/RIU sen-
sitivity of nanorods used in this study. However, it is
worth noting that, for the case of nanorods, longer reso-
nances correspond to larger rods with larger sensing
volumes and longer decay lengths. Equation 10 was
used to balance the contributions for these effects to
optimize sensor performance using the nanorod geom-
etry. Thus, for this factor of 2 increase to be realistic,
an alternative nanoparticle geometry would be sought
that could indeed have a resonance far into the red
without such large geometries. Additional sensitivity
could be achieved by structuring the sensor to operate
in near-IR wavelengths where the bulk RI sensitivities
are higher, although the optics and instrumentation
could be potentially more challenging. Also, silver
nanoparticles exhibit sensitivities typically 1.5-fold
higher than gold particles at similar resonant wave-
lengths. However, as mentioned above, the high reac-
tivity of silver makes it less suitable as a sensor for use in
biologically relevant media.
The peak measurement uncertainties Uﬁt and Usystem
represent the most direct way at improving sensor de-
tection limits. Obviously, the smaller the wavelength
shifts that can be reliably detected, the greater the ac-
curacyandlowertheoverallMDLwillbe.Forthesystem
used in these experiments, Uﬁt was found to be approxi-
mately 0.02 nm while Usystem was found to be 0.3 nm.
Thus, the contribution to MDL is dominated by Usystem,
whereas Uﬁt acts more as an absolute limit for noise lev-
els as discussed above. We performed an in-depth
analysis of the contributing factors to Usystem and found
that a large portion of the uncertainty is the result of
physical system stability.49 In particular, it was found
that stability in microscope focus and sample stage drift
account for the largest contributions in uncertainty. It
is proposed that, by using active feedback hardware to
control microscope focus and XY-sample location, Usys-
tem can be reduced to the order of 0.005 nm.49 Thus, the
total uncertainty would then be dominated by Uﬁt re-
sulting in a 15-fold decrease in MDL.
These possible enhancement factors are displayed
in Table 1. From here, we see that the estimated pos-
sible enhancement factors could potentially provide
an 800-fold improvement over the 18 molecule detec-
tion limit described herein. Thus, we show that the ulti-
mate limit of label-free detection of single molecule
binding events is theoretically possible within the
framework of eq 10.
In conclusion, we have presented a simple math-
ematical model that analytically relates physical detec-
tion parameters of a single nanoparticle LSPR sensor to
the minimum number of detectable analyte molecules.
The utility of this model is two-fold. It can be used to se-
lect the optimum nanoparticle geometry for a desired
detection system completely analytically, forgoing oth-
erwise necessary comprehensive, experimental charac-
terization. The minimum number of detectable mol-
ecules can be estimated as well as the number of
molecules detected at saturation, which provides in-
sight into the dynamic range of the system. Addition-
ally, the model provides a framework through which
the effects of potential system improvements can be as-
sessed. Analysis of the theoretical limits of the depend-
ent variables of eq 10 indicates that an 800-fold reduc-
tion of the MDL for the detection system described
herein is possible. Clearly, not all of these potential av-
enues for MDL reduction can be realized concurrently.
However, because our current MDL is 18 streptavidin
molecules, we propose it is theoretically possible to de-
sign a system capable of detecting single molecule
binding events by careful optimization of system pa-
rameters, as described herein.
TABLE 1. Theoretical Improvement Factors That Can
Reduce the Molecular Detection Limit of a Label-Free,
Single Particle LSPR Sensor Based on the Modulation of
Parameters from Equation 10
technique
summary
variablefrom
eq10involved
potentialenhancement
factor
drying RI 2.4
brighterillumination
source
Csca,VS,andld 7
shorterbindingmoiety r 1.1
LSPRpeaksinIR S0 2
silvernanoparticles S0 1.5
highspectralresolution
detectionsystem
Usystem 15
total 800
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Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl4), so-
dium borohydride, ascorbic acid, phosphate buffered saline
(PBS) tablets, poly(allylamine hydrochloride) (PAH), poly(4-
styrenesulfonate, sodium salt) (PSS), silver nitrate, and mercapto-
hexadecanoicacid(MHA)werepurchasedfromSigma.Glasscov-
erslips, ethanol, methanol, sodium chloride (NaCl), and hydro-
chloric acid (HCl) were purchased from VWR. Cetyltrimethyl-
ammonium bromide (CTAB) was purchased from Fluka. (
)-
Biotinyl-3,6,9-trioxaundecanediamine (biotinamine), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxy-
succinimide (NHS), and streptavidin were purchased from Pierce.
Mercaptopropyltriethoxysilane (MPTES) was purchased from
Gelest. (1-Mercaptoundec-11-yl)tri(ethylene glycol) (EG3SH) was
purchased from Prochimia. Distilled water puriﬁed by a reverse-
osmosis ﬁltration system (18 M·cm, PureFlow Inc.) was used
for all experiments.
Nanorod Synthesis. Gold nanorods were chemically synthe-
sized by a seed-mediated growth procedure34,76 similar to that
described previously.19,36 Spherical gold seed particles were pre-
pared as follows: to a mixture of 7.5 mL of 0.1 M CTAB in water
and 0.250 mL of 0.01 M HAuCl4 was added under vigorous stir-
ring 0.6 mL of chilled 0.01 M NaBH4. The brown suspension was
then gently heated and stirred for a few minutes. Gold nanorods
were synthesized in a water bath at 29 °C as follows. To 95 mL
of 0.1 M CTAB in water were added 0.6 mL of silver nitrate and
0.64 mL of 0.1 M ascorbic acid. The mixture was swirled after the
addition of each reagent to ensure mixing. Sixty microliters of
gold seed particles was added, and the mixture was inverted and
allowed to sit overnight, resulting in a purple-colored suspen-
sion of gold nanorods. Excess CTAB was removed from the gold
rod suspension by centrifugation twice at 4500 rpm for 30 min.
The gold nanorods were resuspended in water to a total volume
of 10 mL and stored at room temperature until further use.
Polyelectrolyte Deposition. Number 1 thickness rectangular 9 	
26 mm coverglasses were cleaned via the same method re-
ported previously by Nath et al. for producing nanosphere bio-
sensor chips.15 First, they were cleaned by sonication for 20 min
in a 1:1 HCl/methanol mixture. Then the coverglasses were
rinsed with water and ethanol and then dried overnight at 65
°C. They were then incubated in a solution of 10% (v/v) MPTES
in ethanol for 15 min followed by rinsing in ethanol and drying
at 120 °C for 3 h. The coverglasses were incubated in the nano-
rod suspension overnight to ensure optimal coverage. The re-
sulting nanorod-covered substrates were immersed in a solution
of PAH (0.003 monomol/L in 1 M NaCl) for 30 min, rinsed with
water, rinsed with 1 M NaCl, then immersed in a solution of PSS
(0.003 monomol/L in 1 M NaCl). This procedure was repeated 13
times to deposit a total of 26 polymer layers. Each polyelectro-
lyte layer deposited is approximately 2 nm thick and has a RI of
1.52.14,77,78 Between each polymer incubation step, an extinction
spectrum was collected with a Varian Cary 300Bio UVvisible
spectrophotometer. In this manner, plots were generated of *
versus adsorbed layer thickness for two samples from each of the
four different geometries for a total of eight plots. These eight
plots were then used as the basis for the determination of S(r).
Single Particle Detection. Scattering spectra were collected from
individual nanorods using the Zeiss Axiovert 200 (Plan Neoﬂuor
100X objective) dark-ﬁeld illumination microspectroscopy sys-
tem described previously.19,50 Scattering spectra of individual
nanorods were collected by imaging the microscope ﬁeld of
view to a line-imaging spectrometer (Acton Research Spectra-
Pro 2150i). Streptavidin detection experiments with single gold
nanorods were also performed as previously reported.19 Brieﬂy,
the nanorods were immobilized onto 25 mm diameter, round
No.1 glass coverslips, which were cleaned and incubated in
MPTES as described above. The nanorod suspension was di-
luted in water to 1:15 (v/v), and then a 20 L aliquot of the sus-
pension was pipetted onto the center of the coverglass and im-
mediately rinsed off with water. The nanorods were then
modiﬁed by immersion of the chip in an ethanol solution of 0.5
mM EG3SH and 0.5 mM MHA. The EG3SH molecules of the mixed
monolayer serve two purposes. They prevent nonspeciﬁc ad-
sorption as well as modulate the surface density of the MHA mol-
ecules and hence of biotin that is subsequently chemically con-
jugated to the COOH groups. Biotin was conjugated to the
nanorods by incubating the SAM-functionalized nanorods in an
aqueous solution of 0.4 M EDC and 0.1 M NHS for 7 min to con-
vert the COOH groups to NHS esters. The chips were rinsed with
water and were then immediately incubated in biotinamine
for 2 h and rinsed with water again. Streptavidin binding was
performed by incubating the biotin-functionalized nanorods
with a continuous ﬂow of a streptavidin solution in PBS for 2 h.
LSPR shifts were measured as the difference between the *o f
ﬁts to the measured scattering spectra. To ensure the observed
LSPR shifts resulted from speciﬁc interaction between biotin and
streptavidin, controls for the binding experiments were per-
formed by incubating biotin-functionalized gold nanorods in
streptavidin solution that had been presaturated with excess (1
mM) free biotin.19
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